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A fixed-bed electrochemical reactor with nano-TiO, loading flat-sheet carbon
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Hongsen Hui**, Hong Wang®**, Yinghui Mo*¢, Zhen Yin®*, Jianxin Li***, Tonghua Wang*

“State Key Laboratory of Separation Membranes and Membrane Processes/National Center for International Joint Research on
Separation Membranes, Tianjin Polytechnic University, Tianjin 300387, China, Tel. +86 022 83955799;

email: waho7808@163.com (H. Wang), Tel. +86 022 83955798, email: jxli@tjpu.edu.cn (]. Li),

Tel. +86 022 83955798; email: huihongsen@foxmail.com (H. Hui), Tel. +86 022 83955297;

email: moyinghui@sina.com (Y. Mo), Tel. +86 022 83955767; email: yinzhen163@163.com (Z. Yin)

vSchool of Materials Science and Engineering, Tianjin Polytechnic University, Tianjin 300387, China

cSchool of Environmental and Chemical Engineering, Tianjin Polytechnic University, Tianjin 300387, China

4School of Chemical Engineering, Dalian University of Technology, Dalian 116012, China,

Tel. +86 0411 84986087, email: wangth@dlut.edu.cn

Received 29 October 2017; Accepted 22 April 2018

ABSTRACT

Nano-TiO, loading flat-sheet microporous carbon membranes with four different thicknesses
(4.9-10.3 mm) were prepared and employed as an anode to constitute fixed-bed electrochemical
reactor (FBER) for phenolic wastewater treatment. Electroanalytic measurements were used to inves-
tigate the electrochemical properties of TiO,/carbon membranes. Results showed that the TiO,/car-
bon membrane with a thickness of 10.3 mm exhibited the best electrochemical performance. The
peak current, effective surface area, charge transfer resistance (R.;), and the diffusion coefficients
obtained from TiO,/carbon membrane with a thickness of 10.3 mm were 7.3 mA, 4.74 cm?, 2.49 (), and
6.88 x 10 cm?/s, respectively. Meanwhile, the thickness of carbon membrane electrode is also closely
related to its hydrodynamic resistance and the permeability. Further, the removal rates of phenol and
chemical oxygen demand (COD) obtained from TiO,/carbon membrane with a thickness of 10.3 mm
under the operating conditions of 10.0 mmol/L phenolic wastewater, residence time of 7.8 min, and
current density of 1.0 mA/cm? were up to 89.3% and 97.5%, respectively. Moreover, the energy con-
sumption of FBER was only 0.36 kWh/kg COD. FBER also demonstrated an excellent stability.

Keywords: TiO,/flat-sheet carbon membrane; Fixed-bed electrochemical reactor (FBER); Electrochemical

oxidation; Phenolic wastewater treatment; Chemical oxygen demand (COD)

1. Introduction

Phenolic compounds represent the most widespread
pollutants in industrial wastewaters, with high toxicity and
a strong ability to resist biological degradation, posing a seri-
ous threat to the environment [1]. Various methods have been
proposed for the phenol treatment, such as extraction [2], bio-
logical treatment [3], chemical oxidation [4], and photocata-
lytic oxidation [5]. Despite all the efforts, these methods still
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face some challenges such as low efficiency and generation
of toxic by-products [6]. As an alternative method in toxic
organic pollutants treatment, anodic oxidation of phenolic
compounds has gained the attention of researchers as its high
efficiency and no additional chemical use, in many case, a
complete degradation of organic pollutants into very small
and noxious species. For instance, Zhu et al. [7] reported a
boron-doped diamond (BDD) anode to treat phenol simu-
lated wastewater. Results showed that BDD anode system
could easily reduce the chemical oxygen demand (COD)
of phenol from 633 to 145 mg/L with the energy consump-
tion (EC) 63 kWh/kg COD. Moreover, Wei et al. [8] design
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a pulse-BDD anode system for electrochemical oxidation of
500 mg/L phenol simulated wastewater, under the current
density of 6-38 mA/cm?, 80% of COD was removed with a
reaction time of 69 min. And the EC was up to 34-227 kWh/
kg COD. Obviously, the performances of anodic oxidation
are not so satisfactory on phenolic wastewater treatment
due to the high EC [9]. These disadvantages also hinder
the extensive application of electrochemical oxidation tech-
nology. The degradation effectiveness mainly relies on the
nature of the electrodes, as well as reactor construction, elec-
trolysis conditions etc.

Carbon membrane as a novel porous inorganic mem-
brane is usually prepared by pyrolysis of various carbo-
naceous materials, such as polyimide and derivatives,
polyacrylonitrile, phenol formaldehyde, and poly (furfuryl
alcohol) [10]. These carbon membranes can be extensively
used in gas separation [11], energy storage [12], and water
treatment [13] due to controllable pore size, excellent chemical
stability, and high conductivity [14]. Recently, an electrocata-
lytic membrane reactor (ECMR) constituted by TiO, loading
tubular carbon membrane named TiO,/carbon electrocata-
lytic membrane as an anode and a stainless steel mesh as a
cathode had been employed to treat phenolic wastewater in
our previous work [15]. The results showed that the removal
rate of phenol and TOC reached approximately 99.4% and
86.3% after 2 h treatment at 2.0 mM phenolic wastewater by
ECMR, respectively. The high efficiency and phenol removal
obtained are related to the synergistic effect of the electro-
chemical oxidation and separation or convention-enhanced
diffusion in the reactor. During reactor operation, the exci-
tation of TiO, would generate reactive intermediate (such as
OH, O, and H,0,), which could indirectly decompose the
organic foulants on the membrane surface or in the pores
or biodegradable products, and thus a high efficiency and
low EC were achieved [16,17]. However, the low mechanic
strength and loading density of tubular carbon membrane
used would seriously limit its practical applications. Besides,
the most important issue to be considered is how to enhance
convention-enhanced mass transfer rate during the design of
an effective electrochemical reactor [18]. Therefore, a fixed-
bed electrochemical reactor (FBER) is one of the alternative
approaches. In the fixed-bed reactor, the hydrodynamic
parameters, mass transfer, effective interfacial area, etc., are
dependent on the structure and physical property of carbon
membrane electrode such as the thickness.

The objective of this study is to develop a FBER with
nano-TiO, loading flat-sheet carbon membrane as anode for
phenolic wastewater treatment. The electrochemical prop-
erties of carbon membranes with four different thicknesses
(4.9, 6.3, 7.2, and 10.3 mm) were investigated. The efficiency,
EC, and stability of FBER were also explored.

2. Experimental
2.1. Materials

Coal (Shanxi, China) was employed as main raw mate-
rial. Flat-sheet carbon membrane was prepared by the
method described in the literature [19]. Several types of coals
were per-grounded into fine particles with a diameter less
than 20 um, and then mixed with cellulose as binder and
water. Finally, the coal mixture was obtained. The resultant

dough with four different weights was molded into a plate
at 10 MPa for 10 min. The resulted plates were preoxidized
in an air flow of 100 mL/min at 200°C for 4 h. After that, the
preoxidized plates were transferred to a tubular furnace, and
then carbonized for 30 min at 950°C with a ramping rate of
3°C/min under a N, flow of 100 mL/min. Finally, flat-sheet
carbon membranes with the thickness of 4.9 , 6.3, 7.2, and
10.3 were obtained. All other reagents were of analytical
grade and obtained from Tianjin Kermel Chemical Reagent
Co., Ltd., China and used without further purification.

2.2. Preparation of TiO,/carbon membranes

The preparation of TiO,/carbon membrane was followed
by our previous work [17]. The carbon membranes with the
thickness of 4.9, 6.3, 7.2, and 10.3 mm were used as the sub-
strate. Tetrabutyl titanate was used as a precursor of TiO,
sol-gel. A carbon membrane was first pretreated in 65 wt. %
HNO, solution for 30 min, cleaned up with pure water, and
dried at room temperature. The pretreated membrane was
immediately dipped into TiO, sol for 30 min, then removed
from the sol and dried at room temperature. The TiO, coated
membranes were sintered at 400°C for 2 h in a tubular fur-
nace in N, atmosphere to prepare the TiO,/carbon mem-
brane. Finally, the TiO,/carbon membrane was obtained. The
average pore size, porosity, and bending strength of TiO,/
carbon membranes were summarized in Table 1.

Thereinto, the average pore size and porosity of TiO,/
carbon membranes was measured by mercury intrusion
porosimetry (Auto pore IV9500). Cyclic voltammetry (CV)
and electrochemical impedance spectroscopy (EIS) mea-
surements were performed with a ZAHNER Zennium
Electrochemical Analyzer. The measurements were con-
ducted in a three-electrode system with the TiO,/carbon
membranes as working electrode, Pt as a counter elec-
trode, a saturated calomel electrode (SCE) as the reference.
500 mmol/L KCl and 1.0 mmol/L K,[Fe(CN),] solutions were
used as electrolytes. EIS measurements were performed at
open-circuit potentials with an amplitude of +5 mV in the
frequency range from 10 mHz to 1 MHz. All solutions were
prepared using deionized water.

2.3. Fixed-bed electrochemical reactor

As shown in Fig. 1, a flat-sheet TiO,/carbon membrane
with an effective area of 4 cm? as an anode and stainless
steel mesh as a cathode were connected by a programmable
DC power supply (Maynuo Electronics M8811) to consti-
tute FBER, which was submerged in the feed. The distance
between anode and cathode was 15 mm. A peristaltic pump
(Longer Pump BT100) was used to suck the filtrate from
the feed tank through the membrane to the permeate tank.

Table 1
Average pore size, porosity, and bending strength of TiO,/
carbon membranes

Thickness (mm) 49 6.3 7.2 10.3
Average pore size (um) 0.47 0.54 0.64 0.72
Porosity (%) 35.6 36.7 37.4 38.0
Bending strength (MPa) 9.8 10.8 12.3 16.4
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Fig. 1. Schematic diagram of the FBER system.

The degraded permeate can be obtained from the outlet of
the peristaltic pump. The FBER was operated under current
supply of 0.25-1.25 mA/cm?. Moreover, the residence time for
the phenol inside the membrane can be precisely controlled
by adjusting the peristaltic pump speed.

2.4. FBER for phenolic wastewater treatment

The synthetic phenolic wastewater was prepared by
mixing 10.0 mmol/L phenol and 15 g/L Na,SO, as the aque-
ous electrolyte. The phenol concentration was determined
by 4-aminoantipyrene spectrophotometric method (UV-Vis
Spectrophotometer TU-1901). The phenol removal rate
(Rphcml) was calculated by the following equation:

C, -
=P % 100% 1)
Cf

Rphenol =

where C and C are the concentration of phenol in the feed
(mg/L) and permeate (mg/L), respectively.
The COD of feed and permeate was measured by a COD

analyzer (Hach 2800). The removal rate of COD (R_.,) was
calculated by Eq. (2) as follows:
COD; -COD, 100% @
oD =T A X °
COD,

where COD, and COD, are the concentration of COD in the
feed (mg/L) and permeate (mg/L), respectively.
The EC was calculated by Eq. (3) as follows [20]:
uirt

EC=
3.6(COD, ~COD, )V

x100% 3)

where U is the voltage applied (V), I is the current intensity
(A), Vis the volume of the permeate (L), and ¢ is the operating
time (s).

2.5. The adsorption isotherms of phenol on TiO,/carbon membrane

Phenol adsorption experiment was carried out with the
initial concentration of phenolic wastewater at the range
of 1.0-5.0 mmol/L and operating time of 8 h to ensure complete

adsorption of TiO,/carbon membrane with the thickness of
10.3 mm. The permeate flux was kept at 93.8 L/m? h. Peristaltic
pump provided a driving force and permeate returned back
to the feed tank. The amounts of the adsorbed phenol onto
TiO,/carbon membrane (g,) (mg/g) was calculated by Eq. (4)
as follows:

(Cc,-C)xv
g =——"— “4)
m
where C; is the initial concentration of phenol in the feed
(mg/L); C, is the concentration of phenol in the feed at a
certain operating time (mg/L); V is the solution volume (L);
and m is the weight of TiO,/carbon membrane (g).

3. Results and discussions
3.1. The electrochemical properties of TiO,/carbon membranes

The electrochemical behavior of TiO,/carbon membranes
with four different thicknesses was investigated as shown in
Fig. 2. A pair of redox peaks of Fe*”** was observed in Fig 2.
Further, the peak current (I ) increased from 1.9 to 7.3 mA
with the increase of carbon membrane thicknesses from 4.9 to
10.3 mm. This implied TiO,/carbon membrane with a thick
thickness could effectively increase the electron transfer rate
between the membrane electrode surface and [Fe(CN)]**~.
Simultaneously, the higher I obtained indicated the mem-
brane electrode with a larger effective surface area because I
was proportional to the effective surface area [21].

Further, the I versus square root of scan rate in the elec-
trolyte solution (1 mmol/L [Fe(CN),]*”*~ and 500 mmol/L KCl
solution) can be obtained from CVs as demonstrated in Fig. 3.
It can be found from Fig. 3 that I was linear to v'2 for all
four carbon membrane electrodes. According to the Randles—
Sevcik equation [22]

I,= 2.69x10°n*2 AD"*v"*¢ (5)

where 7 is the number of transfer electron, A is the effective
surface area, D is the diffusion coefficient of the electroactive
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Fig. 2. CVs of TiO,/carbon membranes with four different
thicknesses.
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Fig. 3. Peak currents (I ) versus square root of scan rate during
CV measurements of carbon membrane electrodes.

molecule at electrode surface, ¢ is the concentration of
the probe molecule, and v is the scan rate.

Herein, for [Fe(CN),]*?, n=1, D =7.6 x 10 cm? /s. The
effective surface of the carbon membrane (A) with the thick-
ness of 4.9, 6.3, 7.2, and 10.3 mm obtained from Eq. (5) was
2.83,295, 455, and 4.74 cm?, respectively. Obviously, the
thick carbon membrane has a large effective surface area at
the same geometric area of 2.0 cm?.

To further characterize the electrochemical behavior of
TiO,/carbon membranes, that is, a series of electrochemical
processes at the interface between the membrane electrode
and electrolyte solution, EIS was used to measure the charge
transfer resistance (R.;) at the interface between the mem-
brane electrode and electrolytes. EIS measurements were per-
formed in 1.0 mmol/L [Fe(CN),]*"*" containing 500 mmol/L
KClI solution at the frequency range from 10 mHz to 1 MHz.
The corresponding Nyquist diagram was shown in Fig. 4.
The R, of the reaction was indicated by the diameter of the
semicircle at high frequency in the EIS Nyquist plot located

5
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Fig. 4. EIS Nyquist plots of TiO,/carbon membrane electrodes
with four different thicknesses.

within the first quadrant [23,24]. The lower R, demonstrated
the better conductivity of the electrode. According to the sim-
ulation of equivalent circuit diagram, R, obtained from TiO,/
carbon membrane electrodes with the thickness of 4.9, 6.3,
7.2, and 10.3 mm was 4.67 , 449 , 2.64 , and 2.49 Q, respec-
tively. It suggested that TiO,/carbon membrane with the
thickness of 10.3 mm exhibited the greater electron transfer
ability in the electro-oxidation, which is in good agreement
with the results obtained from CV measurements.

Furthermore, chronoamperometry (CA) was employed
to explore electrode reaction processes [22]. The measure-
ments were carried out at the anode potential of 2.5 V. At
the same time, a SCE was used as the reference electrode, Pt
as the counter electrode, and the carbon membrane as the
working electrode. Fig. 5 shows the current intensity versus
electrolysis time plot in the CA measurements of the car-
bon membranes. As shown in Fig. 5, a sharp decline in the
current density at the initial time can be observed, and then
reached the steady-state. Notably, the steady-state values of
current density obtained from carbon membranes with the
thickness of 4.9, 6.3, 7.2, and 10.3 mm were 50.0, 53.7, 65.6,
and 75.8 mA/cm?, respectively. It implied that a thick carbon
membrane is advantageous for the reactant molecules to be
moved to the surface of the electrode so as to lead to a reduc-
tion in the thickness of diffusion layer and more [Fe(CN) ]+
to be transferred to the surface of the electrode, finally result-
ing in an increase at the reaction rate [25].

In addition, as an important parameter of reaction kinetics,
diffusion coefficient (D) reflects the characteristics of diffusion
and mass transfer of the electrochemical system. The diffusion
coefficient of reaction kinetics during the electrochemical reac-
tion also can be obtained from CA measurements. At first, the
curve of I versus t'? obtained from the carbon membranes
is illustrated in Fig. 6. Then the diffusion coefficient can be
obtained from the slope of the linear fitting curve in Fig. 6
according to the combination Cottrell’s equation [26].

i= nFADl/ZCb—llzt—llz (6)

where D is the apparent diffusion coefficient (cm?*/s), ¢, is the
bulk concentration (mol/cm®) of [Fe(CN)]**, F is Faraday
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Fig. 5. Chronoamperometry for the carbon membranes with four
thickness.
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Fig. 6. The curve of I versus ' for the carbon membranes with
four thicknesses.

constant, A is the effective surface area, and # is the electron
transfer number of [Fe(CN)]**~.

Finally, the fitting slopes of -+ and diffusion coeffi-
cients obtained from carbon membranes with four different
thicknesses are shown in Table 2. It can be seen from Table 2
that the carbon membrane with the thickness of 10.3 mm had
a largest diffusion coefficient (6.88 x 10 cm?/s). In short, the
lower mass transfer resistance and higher electron transfer
ability of carbon membranes with the thickness of 10.3 mm
scavenging additional ferrocyanide at the electrode interface
leading to a largest diffusion coefficient [27].

3.2. The performance of FBER

In order to further investigate the catalytic properties, the
TiO,/carbon membrane was employed as an anode to consti-
tute FBER for the treatment of 10.0 mmol/L phenol wastewa-
ter under the operating conditions of the current density of
1.0 mA/cm? and reaction time of 7.8 min. At the same time,
15 g/L. Na,SO, was used as an electrolyte. The phenol and
COD removal rate are demonstrated in Fig. 7. It can be seen
from Fig. 7 that the phenol and COD removal rates obtained
from FBER increased from 89.3% to 97.5% with the increase
of carbon membrane electrode thickness from 4.9 to 10.3 mm.
In particular, the EC declined from 0.88 to 0.36 kWh/kg COD
with the increase of carbon membrane electrodes from 4.9 to
10.3 mm as shown in Fig. 7. It suggested that the carbon
membrane electrode with the thickness of 10.3 mm pre-
sented excellent catalytic oxidation performance and a low
EC. Certainly, the thickness of carbon membrane electrode
is also closely related to its hydrodynamic resistance and the
permeability in the practical applications.

Table 2

Linear fitting slopes of I-t-/* and diffusion coefficients
Thickness (mm) 4.9 6.3 7.2 10.3
Fits slope of I vs. t17 11.72 13.29 15.77 20.42
D (107 cm?/s) 3.45 4.47 5.31 6.88
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Fig. 7. COD, phenol removal rate, and energy consumption of
FBER with different thicknesses of carbon membrane electrodes.

Herein, the membrane hydraulic resistance (R ) and per-
meability coefficient can be obtained from the permeate flux
according to Darcy’s law as follows [28]:

AP

J HR,,

@)

where ] is the pure water permeate flux (L/m%*h/bar), AP is
the transmembrane pressure (Pa), [ is the viscosity of water
(0.894 mPa s at 25°C), and R, is hydraulic resistance (m™).

According to Eq. (7), hydraulic resistance and permea-
bility coefficient can be calculated as shown in Fig 8. It can
be found from Fig. 8 that the membrane resistance increased
from 0.621 x 10™ to 1.79 x 10" m™ with an increase in the
thickness of carbon membrane from 4.9 to 10.3 mm. On the
contrary, the permeability coefficient declined from 648
to 225 L/m?*/h/bar. Obviously, the increase of carbon mem-
brane thickness would lead to the increase of hydrodynamic
resistance and the decline of permeability coefficient, lead-
ing to a high kinetic energy cost under the same permeate
flux. Therefore, the selection of a proper thickness membrane
needs to consider the balance between kinetic energy and
catalytic efficiency of the reactor.

| / // {400 g
E’ 0.8 \ § /\\ \‘-200,%
e

Thickness (mm)

Fig. 8. Hydraulic resistance and permeability coefficient of car-
bon membranes.



118 H. Hui et al. / Desalination and Water Treatment 118 (2018) 113-119

3.3. Adsorption isotherms of phenol on TiO,/carbon membrane

According to the mechanism of electrochemical oxida-
tion, the diffusion of organic chemicals from the feed solution
to the electrode surface is the key step during electro-oxida-
tion processes [29]. And that the improvement of adsorption
ability is favor of the diffusivity coefficient enhancement [1].
TiO,/carbon membrane with specific chemical and porous
structure is beneficial for phenol adsorption. The adsorp-
tion isotherms of phenol on TiO,/carbon membrane at room
temperature is illustrated in Fig. 9. It can be seen from Fig. 9
that the amount of adsorbed phenol increased from 0.13 to
0.43 mg/g with the increase of equilibrium concentration
from 85 to 440 mg/L.

According to the adsorption isotherms of phenol on TiO,/
carbon membrane, the Langmuir and Freundlich models can
be used to analyze the adsorption kinetics. The Langmuir
equation is described as Eq. (8) [30]:

- 1QOK7LCB )
+K,C,

where Q, (mg/g) is the Langmuir constants, representing the

maximum adsorption capacity for the solid-phase loading;

K, (L/mg) is the energy constant related to the heat of adsorp-

tion [31]. The Freundlich equation is described as Eq. (9) [30]:

9. =K, ©)

where K, (mg"/» L' g) is the Freundlich constants and # is
the fitted parameters using two models as listed in Table 3.

The coefficient (R?) is used as a measure of goodness of
fit of model. It can be seen from Table 3 that the value of R?
obtained from Langmuir and Freundlich models was 0.9934
and 0.9962, respectively. It indicated that the fitted Langmuir
and Freundlich models could explain 99.3% and 99.6% of
variability, respectively. The accuracy and general ability of
the polynomial model was reliable. It also suggested that the
phenol adsorption on TiO,/carbon membrane was a physical
adsorption [32]. The maximum adsorption capacity obtained
by Langmuir model was 1.06 mg/g. The adsorption of phenol
molecules toward the anode surface has a significant effect
on the electrochemical oxidation processes [29].

0.5

100 200 300 400 500
Ce (mg/L)

Fig.9. Adsorption isotherms of phenol on TiO,/carbon membrane.

0.0

Table 3
Fitted parameters of Langmuir and Freundlich models for
phenol adsorption on TiOZ/Carbon membrane

Langmuir Freundlich

Q,(mg/g)
1.06

K (L/mg) R?
1.67 107 0.9934 5.32x107

KF (mgl—l/n Lin g) 1/n R2
0.725 0.9962

3.4. FBER stability

As mentioned in Section 2, an FBER constituted by TiO,/
carbon membrane with the thickness of 10.3 mm as anode and
a stainless steel mesh as cathode had been employed to treat
phenolic wastewater. An FBER stability experiment of 12 h for
10.0 mmol/L phenolic wastewater was carried out under the
following conditions: residence time of 7.8 min and current
density of 1.0 mA/cm® The phenol and COD removal rate
obtained from FBER versus operating time are illustrated in
Fig. 10. It can be observed from Fig. 10 that the removal rate of
phenol (97% + 0.5%) and COD (89% + 0.5%) kept stable at 12 h
of the operating. It suggested that the carbon membrane and
FBER exhibited a high efficiency and stability.

3.5. The removal mechanism of phenol on FBER

During the FBER operation, the TiO, on the membrane
was electrified to generate the electron/hole pair, which
interacted with H,O to produce hydroxyl radicals on the
membrane surface [16,17]. The hydroxyl radicals generated
in the FBER were apt to electrophilically attack the adjacent
or para-position of phenol to produce hydroquinone and cat-
echol, which as the main intermediates were easily further
oxidized to p-benzoquinone. Under further oxidation by the
hydroxyl radicals, the conjugate structure of the benzene ring
from p-benzoquinone would be disconnected and produced
maleic acid, oxalic acid, and other small molecules acid [15].
Further, when the hydroxyl free radicals were sufficient, phe-
nol and produced intermediates would be completely miner-
alized into CO, and H,O [33].

4. Conclusions

Nano-TiO, loading flat-sheet microporous carbon
membranes were successfully prepared and employed to

100 — 100
= —_
F ] REES
2 o
£ ——COD g
3 0 ——Phenot 1% =
2 2
E 0+ 440 E
[=]
£ S
£ 60} J20 ©

50 L L L L L L 0

2 4 6 8 10 12
Time (h)

Fig. 10. Removal rate of phenol and COD during the FBER operating.
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constitute FBER for phenolic wastewater treatment. The
TiO,/carbon membrane with a thicker thickness exhibited
an excellent electrochemical performance owing to a large
effective surface area and the great electron transfer abil-
ity. It is noted that the thickness of carbon membrane elec-
trode is also closely related to its hydrodynamic resistance
and the permeability. Further, the removal rates of phenol
and COD obtained by FBER with the thickness of 10.3 mm
under the operating conditions of 10.0 mmol/L phenolic
wastewater, residence time of 7.8 min, and current density
of 1.0 mA/cm? were up to 89.3% and 97.5%, respectively. The
adsorption of phenol molecules toward the anode surface
played a key role on the electrochemical oxidation processes.
The maximum adsorption capacity obtained by Langmuir
model was 1.06 mg/g. Furthermore, the EC of FBER was only
0.36 kWh/kg COD. FBER also exhibited an excellent stability.
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